High-performance liquid chromatography (HPLC) is one of the most important and powerful separation methods for environmental analysis, clinical studies, the development of new medicines, and biotechnology. Many different HPLC stationary phases have been used to separate various kinds of analytes in these areas. Actually, for a given problem, the appropriate HPLC column must be selected.
Photochromic polymers containing the azobenzene moiety have been applied to photo-responsive adsorbents in adsorption 7, 8 or cell-adhesion 9 chromatography. It is also well known that cyclodextrins (CDs) can form reversible inclusion complexes with a variety of guest molecules. Native and derivatized CD stationary phases (CDSPs) have been applied for the separation of polyaromatic hydrocarbons (PAHs) and other structural, geometrical or optical isomers in HPLC. 10 On the other hand, several types of azobenzene-modified CD have been shown to be useful as a photoswitchable multiresponse sensor for detecting organic compounds. 11 In our previous study, two types of azobenzene-modified silica gels were prepared and the photo-dependence of their retention characteristics have been evaluated in semi-micro HPLC. 4 On these stationary phases, the retentions of test samples decreased when methanol was used as a mobile phase. The retention changes proved to be reversible upon irradiation with visible light after UV light irradiation. However, a long irradiation time was required to change the retention.
In this study, an azobenzene-modified γ-cyclodextrin stationary phase (Azγ-CDSP) was prepared and the photo-and temperature-responses for the retentions of the perylene and pentacene were investigated in the micro-HPLC mode. The retention behavior on Azγ-CDSP was compared with those on an azobenzene-modified stationary phase (AzSP).
Experimental

Instrumentation
The micro-HPLC system consisted of a Shimadzu (Kyoto, Japan) Model LC-10A high-pressure pump, an Acurate TM Model IC-400-VAR (LC Packings, San Francisco, CA, USA) stream splitter, a Reodyne (Cotati, CA, USA) Model 7125 micro sample injector, a Model 3512C (Sensyu Scientific Co., Tokyo, Japan) column oven, a JASCO (Tokyo, Japan) Model CE-971V variable-wavelength UV-Vis spectrophotometric detector for capillary electrophoresis, and a Shimadzu C-R4A integrator. The mobile phase was split by a stream splitter before the injector. A mixture of methanol and water (90:10, v/v) was used as the mobile phase.
The flow rate and volume of the sample injection were 0.9 µl/min and 0.2 µl, respectively. The temperature of the column was 25˚C. The detection wavelength used was 254 nm. The Model FL6BLB UV and Model FL6BL visible-light tubes (Toshiba Lightec Co., Tokyo, Japan) were used for the UV and visible light sources, respectively. These light sources were chosen because they produce less heating and were easy to place in an oven. A single light source was placed parallel and 10 mm away from the column in the oven.
The silica capillary column was prepared using a previous method. 12 Briefly, after a frit was made of sodium silicate with heating at the end of a UV-permeable silica capillary tube (SUPELCO CElect UVT100, 100 mm × 100 µm i.d.), the stationary phase was packed into the tubing using a slurry packing technique.
Synthesis of stationary phases Chemicals.
Porous silica (Develosil silica 100-5, mean particle size 5 µm, mean pore size 100 Å, and specific surface area 350 m 2 /g) was purchased from the Nomura Chemical Co. (Aichi, Japan) and used after drying in a vacuum at 160˚C for 12 h. Tetrahydrofuran and water were distilled by conventional methods. Preparation of AzSP (Fig. 1) . 4 To 40 ml of an acetone solution containing 2.0 g (10 mmol) of p-phenylazophenol were added 1.4 g (10 mmol) of potassium carbonate and 0.27 g (1.0 mmol) of 18-crown 6-ether. After stirring for 30 min, 1.0 ml (12 mmol) of allyl bromide was added. After refluxing for 6 h, the reaction mixture was cooled to room temperature. It was then filtered and washed with acetone. The combined filtrate was evaporated to dryness. After the residue was dissolved in ethyl acetate, and the solution was successively washed with water, 0.1 M hydrochloric acid, water, 5% aqueous sodium hydrogen carbonate, and water, respectively. The organic layer was dried over anhydrous sodium sulfate and evaporated. The residue was chromatographed on silica gel with ethyl acetate-hexane, 10:30, to give 5.6 g of p-(phenylazophenyl)-1-propenyl ether in ca. 92% yield.
To 50 ml of a tetrahydrofuran solution containing 3.0 g (13 mmol) of p-(phenylazophenyl)-l-propenyl ether was added 1 ml of tetrahydrofuran solution containing a small amount of hydrogen hexachloroplatinate(IV) hexahydrate and 5.0 ml (49 mmol) of dichloromethylsilane. After stirring for 24 h at 45˚C under an argon atmosphere, the reaction mixture was evaporated to give an orange residue which was used for the next reaction without further purification. The residue was dissolved in 30 ml of tetrahydrofuran and 3.5 ml (25 mmol) of triethylamine was added. After stirring for 10 min at room temperature under an argon atmosphere, 2.0 g of the porous silica was added and stirred for 48 h at room temperature under an argon atmosphere. The reaction mixture was filtered and thoroughly washed with tetrahydrofuran, methanol, acetone, and diethyl ether, then dried in a vacuum.
The amount of the azobenzene moiety on the silica support was estimated to be 1.17 groups/nm 2 based on the carbon contents (13.09%). (Fig. 2) . To 100 ml of a dehydrated pyridine solution containing 5 g (3.9 mmol) of γ-CD was added 1 g (4.1 mmol) of p-phenylazobenzoyl chloride. After stirring overnight at 80˚C, a small amount of water was added to the solution to stop the reaction. Pyridine was removed from the solution by evaporation. A small amount of water was added to the residue and the solution was evaporated. These operations were repeated untill the odor of pyridine disappeared. An azobenzene-modified γ-CD (Azγ-CD) was obtained by recrystallization from the residue with water and dried overnight at 100˚C. It was confirmed that one group of the azobenzene moiety was modified on a γ-CD molecule by measuring the carbon content with elemental analysis (found 47.85%, calcd. 48.09% as the monohydrate 5 ) in ca. 14% yield.
Preparation of Az γ-CDSP
To 20 ml of a dehydrated pyridine solution containing 0.5 g (0.33 mmol) of Azγ-CD were added 0.4 ml (1.6 mmol) of 3-isocyanatepropyltriethoxysilane. After stirring for 12 h at 80˚C, 0.5 g of the porous silica were added and the mixture was stirred overnight with refluxing. After the reaction mixture was cooled to room temperature, it was filtered and thoroughly washed successively with pyridine, toluene, methanol, and acetone. The resulting yellow powder was dried overnight under vacuum at 50˚C. The amount of Azγ-CD moieties on the silica support was estimated from the carbon contents (10.66%) to be 0.24 groups/nm 
Samples
Perylene and pentacene were used as test samples.
Results and Discussion
Photo-response of AzSP HPLC measurements using AzSP and Azγ-CDSP were performed in the dark. After irradiation by UV light, the retention times of the test compounds, perylene and pentacene were measured in the dark again. The change in the retention factor (k) of the test samples by UV light irradiation is shown in Fig. 3 . The result showed that the retentions of pelylene and pentacene by UV light irradiation for 30 min at 25˚C were reduced to 70% and 53% of the initial retentions, respectively. The retentions of Sudan IV, testosterone, perylene, chrysene and pyrene were also decreased on the AzSP after UV light irradiation using methanol as the mobile phase. 4 These results supported an increase in the polarity of the azobenzene moieties by UV light irradiation.
The temperature-dependence of the retention is shown in Fig.  3 compared with the photo-response. The retention change after 30-min UV light irradiation corresponded to that by an increase in the column temperature from 25˚C to 45˚C. The selectivity for the test samples was slightly decreased either by the irradiation of UV light or by an increase in the column temperature, as shown in Fig. 3 .
The retention ceased to change further after 30 min of UV light irradiation. The retentions were then increased by the irradiation of visible light for 10 min to levels of 78% and 74% of the initial retentions of pelylene and pentacene, respectively. Further irradiation by visible light had no effect on the retentions. It had completely recovered when the column was kept overnight at room temperature in the dark.
Photo-response of Azγ-CDSP
Commercially available and well-known α-, β-and γ-CDs have six, seven and eight glucose units, respectively, and are shaped like a truncated cone having narrower and a wider ends, which has a cavity capable of accommodating many kinds of organic and inorganic substances in aqueous media. Among these CDs, the γ-CD possessing the largest cavity has poor or no ability to form a 1:1 complex with the usual organic compounds, but has been suggested to form ternary inclusion compounds, [13] [14] [15] i.e. a γ-CD-N,N-dimethylaniline-perylene system, in a mixture of water and ethanol. 15 CDs have sites which can be modified on the primary side and the secondary side. Azγ-CD was prepared by a reaction of γ-CD and p-phenylazobenzoyl chloride in pyridine. This is a general preparation method for the carboxylation of CDs on the primary side. 5 It has been confirmed by circular-dicromism measurements that the Azγ-CD forms a 1:1 complex with cyclohexanol, anisole or benzyl alcohol. 5 In this case, it was suggested that the trans-azobenzene moiety acts as a spacer which narrows the large γ-CD cavity to allow the inclusion of small guests. The binding constant for the 1:1 complex could not be obtained after UV light irradiation, probably due to 1:2 host-guest complexation. 5 It was postulated that after the hydrophilic cis-azobenzene moiety exited the hydrophobic CD cavity another guest molecule entered the cavity. On the other hand, the binding abilities for the 1:1 complexes of the Azγ-CD and (+)-fenchone or (-)-borneol were promoted by UV light irradiation. 5 It was suggested that the complexes were formed by excluding the azobenzene moiety from the interior of the CD cavity, and that the modified moiety acted as a photo-responsive cap for the guests.
Perylene and pentacene were chosen as test samples in this study because of their different molecular shapes. Different photo-responses of the retentions were expected on Azγ-CDSP. Less or no retention of anthracene, dibenz[a,c]anthracene and dibenz[a,h]anthracene and other lower molecular PAHs were observed on Azγ-CDSP using the mobile phase described in the experimental section. The water content could not be increased by more than 10% in the mobile phase, because when it exceeds 10%, the column pressure became higher than the maximum pressure for the column. Figure 4 shows the photo-and temperature-responses of the retention on Azγ-CDSP. It was clear that the photo-response is quite different from those on AzSP, as shown in Fig. 3 . The retention of perylene slightly increased, whereas that of pentacene extremely decreased upon UV light irradiation. After irradiation for 30 min, 0.692 and 0.669 retention factors for perylene and pentacene were obtained, which corresponded to 108% and 27% of the initial retentions, respectively. As a result, their retention order was reversed.
From these results, it was presumed that the trans-azobenzene moiety of Azγ-CDSP prevented the broader-shaped perylene molecule from entering the CD cavity (acted as a "cap"), and assisted the longer and narrower pentacene in the cavity (acted 121 ANALYTICAL SCIENCES JANUARY 2001, VOL. 17 as a "spacer") (Fig. 5) . The hydrophobicity of pentacene is greater than that for perylene in terms of the l-octanol-water partision coefficients (as log P) of pentacene (7.11) and perylene (6.58). 16 The spacing action of the trans-azobenzene moieties for pentacene could be effective for the retention change on Azγ-CDSP. The azobenzene moiety was isomerized from a trans to a cis form, and would then subsequently move apart from the CD cavity when it was irradiated with UV light.
With increases in the column temperature, the retentions of both compounds decreased, but the separation factor (α) significantly increased on Azγ-CDSP, as shown in Fig. 4 . This result meant that the retention change of perylene was greater than that of pentacene. It was expected that the "capping" effect of the trans-azobenzene moieties on Azγ-CDSP was more sensitive to a change in the column temperature than the "spacing" effect.
The changes in the resolutions of the test samples by light irradiation and by an increase in the column temperature are shown in Fig. 6 . Ninety-nine and 81% of the initial retentions of pelylene and pentacene were obtained by visible-light irradiation for 10 min after UV light irradiation, respectively. The retention was also recovered when the column was kept overnight at room temperature in the dark. Although the benzene and perylene peaks overlapped, due to an increase in the column temperature, their resolution was retained with photo-irradiation.
Kinetic study of the retention change upon light irradiation
Controlling the retention by light irradiation on AzSP or Azγ-CDSP is required to clarify the kinetics of the retention change. Because the photochromism of organic molecules is sensitive to such micro-environmental factors as polarity, viscosity, acidbase interaction and free volume for a photochromic change, a perturbation of the reaction media on the photochromic behaviors offers novel information concerning a photoactive molecule. 17 Azobenzene photoisomerizes from the trans to the cis isomer, and the reverse process takes place either photochemically or thermally. The photochemistry is relatively insensitive to the fluid reaction media. Since geometrical isomerization requires a sufficient free volume due to a remarkable alteration of the molecular structure, the efficiency of isomerization in the solid phase reflects the molecular mobility. 18, 19 Because azobenzene moieties are directly connected to the support (AzSP) or through γ-CD (Azγ-CDSP), it is suggested that the mobility is influenced by the silanol groups on the silica-gel surface.
If the retention power of AzSP or Azγ-CDSP depends on the ratio of the trans-and cis-forms of the azobenzene moieties in the stationary phase and the change proceeded in the first order, the rate of the retention change could be described by
that is ln∆kt = -a·t + const.,
where kt, k0 and k∞ are the retention factors at a given irradiation time (t), before irradiation and in the photostationary equilibrium, respectively. The first-order plots according to Eq.
(2) on AzSP and Azγ-CDSP are shown in Fig. 7 . It was
ANALYTICAL SCIENCES JANUARY 2001, VOL. 17 assumed that the azobenzene moieties of AzSP and Azγ-CDSP have a free space to photo-isomerize based on the results that the photo-responses of the retentions of perylene and pentacene on AzSP and Azγ-CDSP obeyed first order. More than 0.990 of the correlation coefficients for the relations were obtained, except for that of perylene on Azγ-CDSP, whose retention change upon irradiation was small. It is clear that the retention on AzSP and Azγ-CDSP can be controlled by UV light irradiation. The rate constants of the photo-response (a in Eq.
(2)) of perylene (0.210 min -1 ) and pentacene (0.280 min -1 ) on Azγ-CDSP were estimated by Eq. (2). The constants were larger than that on AzSP (0.145 min -1 for perylene and 0.101 min -1 for pentacene) probably due to the smaller density and the larger freedom of the azobenzene moieties on Azγ-CDSP than that of AsSP.
Conclusion
The photo-and temperature-responses of AzSP and Azγ-CDSP were investigated in micro-HPLC. Specific retention changes on Azγ-CDSP by light irradiation resulted. It was presumed that the azobenzene moiety of Azγ-CDSP acts as a photoresponsive cap or a spacer. The photo-responsive host-guest interaction with AzCDSP could be utilized for separation control in HPLC. Improving the micro-HPLC system and optimizing the molecular structure of the photo-responsive stationary phase, including the number of azobenzene moietes attached to a CD and the binding density of AzCD on a support, would bring about more effective retention control.
